SUMMARY Cardiac myosin obtained from atria had a higher Ca* + -activated ATPase activity than did cardiac myosin from ventricles in various species of animals and in humans. The increased specific activity of Ca 1+ -activated adenosine triphosphatase (ATPase) of atrial myosin appeared to correlate with the level of the activity of ventricular myosin ATPase in the animal, since the same order in ATPase activity, as observed in ventricular myosins from various animals, was noted in atrial myosins. The enzymatic properties of atrial myosin also were characterized by no activation by N-ethylmaleimide, low activating energy, and a lower rate of inactivation at alkaline pH compared with the same properties of ventricular myosin. These findings suggest a difference in the myosin molecule at or near the active site, involving some sulfhydryl groups, between the two types of cardiac myosin. The Mg* + -activated ATPase activity, both in the presence and absence of actin (which is thought to be closely related to the basic contraction mechanism), also was enhanced in atrial myosin. Thus, the ATPase activities of atrial and ventricular myosins were different with special reference to the reaction pathway involving calcium and magnesium ions and appear to account for the difference in the velocity of contraction between the atria and the ventricles. Ore Res 45:532-627, 1979
WE HAVE demonstrated a difference in adenosine activity is related closely to the intrinsic speed of triphosphatase (ATPase) activities of cardiac myomuscle contraction (Barany, 1967) , these differsins from different species of animals; cardiac myo-. ences in enzymatic activities may be reflected in sin obtained from rats and mice (smaller animals) the contractility of the corresponding cardiac mushad a higher ATPase activity in the presence of cles. calcium ions than did cardiac myosin from rabbits Recently, a high level of ATPase activity of myoand dogs (larger animals) (Yazaki and Raben, 1974) .
sin obtained from atrial muscle of dog and calf Comparative study on enzymatic properties of these hearts has been reported by our laboratory (Yazaki cardiac myosins suggested a difference in the myoet al., 1977) and by others (Long et al., 1977 ; Flink sin molecule at or near the active site involving the et al., 1978) . The experiments presented in this SHi thiols. Also, we have shown that the pattern of paper attempt to characterize in greater detail enenzymatic properties of cardiac myosin would be zymatic activities of atrial myosins from various affected by the thyroid state (Yazaki and Raben, animals and from humans and to determine the 1975). In view of the evidence that myosin ATPase physiological significance of this observation with special reference to actin activation of myosin ATPflRf 1 flrtivitv From the Cardiovascular Research Unit, the Third Department of ' Internal Medicine, Faculty of Medicine, University of Tokyo, Hongo, -, , , Tokyo, Japan. Methods This investigation was supported by Grants 257258 and 357304 from the Ministry of Education, Science, and Culture, Japan; and by research Mvosin Isolation grants from the Japan Heart Foundation.
Address for repnnts: Yoshio Yaiaiu, M.D., Third Department of Cardiac myosin was prepared from rat, rabbit, k^j S n T i i ' F<>CUlty °f MediCin6 ' Univendty °f Tokyo> Hon *°' dog, and human hearts. Fresh heart muscle tissue pentobarbital (50 mg/kg, iv), or from other animals, killed by a sharp blow on the head. Human heart muscle was obtained from patients who died without heart disease. All of the human samples were obtained within 3 hours after death. Right and left atria, dissected free from ventricles, were used for the preparation of atrial myosin. Ventricular myosin was extracted from the free wall of the left ventricle. Myosin was prepared by a dilution technique described previously (Katz et al., 1966; Yazaki and Raben, 1974) . All procedures were carried out at 4°C, and all solutions contained 1 DIM ethylenediaminetetraacetic acid (EDTA). A final high speed centrifugation with ATP-magnesium, to remove traces of actin, was performed for 1 hour at 130,000 g. The ATPase assay was performed within 24 hours of the isolation of the myosin. Further purification of cardiac myosin was performed by elution from DEAE-Sephadex A25, equilibrated with 10 mM potassium pyrophosphate and 5 mM Tris-chloride buffer at pH 7.5. Myosin was eluted with a gradient to 0.3 M KC1 in the equilibrated buffer (Yazaki and Raben, 1974) .
Actin Preparation
Actin was extracted from acetone-dried powder, prepared from the leg muscles of dogs at 0°C and purified by gel filtration in Sephadex G-200, according to the method of Rees and Young (1967) . The resulting F-actin pellets were stored at -20°C. Before use, they were depolymerized, by gentle homogenization, into 10 mM Tris, pH 7.6, containing 0.1 mM ATP. Free nucleotide was removed by addition of 0.05 volume of Dowex 1-X8 (Cl~) (Eisenberg and Moos, 1967) . The mixture was centrifuged, and the supernatant, G-actin, then was repolymerized in 0.1 M KC1 and 1 mM MgCl 2 .
Determination of ATPase Activity
Assays were run for 5 minutes at pH 7.5 and 25°C. The reaction was initiated by the addition of myosin (0.4 mg in 0.1 ml) to a reaction mixture (1.9 ml) to give a final protein concentration of 0.2 mg/ ml. The reaction was stopped by adding 10% trichloroacetic acid (2 ml), and the precipitated protein was removed by centrifugation. ATPase activity was determined by measuring the liberation of inorganic phosphate, according to the method of Fiske and Subbarow (1925) . The routine reaction mixture contained 50 mM Tris and 5 mM disodium ATP at pH 7.5. Potassium (K + )-EDTA-activated and calcium (Ca 2+ )-activated ATPase activities were assayed in the presence of 1 mM EDTA with 0.6 M KC1 and 10 mM CaCl 2 , respectively. Protein was determined by the method of Lowry et aL (1951) , using crystalline bovine serum albumin as a standard.
The actin-activated ATPase of myosin was assayed essentially as described by . The reaction mixture contained 50 mM KC1, 0.1 mM CaCl 2 , 15 mM Tris (pH 7.5), 1.5 mM MgCl2, and 1 mM ATP in a final volume of 4 ml. Incubation was performed at 37°C for 3 minutes. The myosin concentration was 0.4 mg/ml, and the actin concentration was varied from 0.10 to 2.4 mg/ ml. The Mg 2+ -activated ATPase of myosin was assayed under the same conditions, except that actin was omitted.
Treatment of Myosin with Sulfhydryl Reagents
Myosin (4 mg/ml) was incubated at 0°C for 2 hours in a solution containing 0.6 M KC1 and 10 mM Tris at pH 7.5, with varying concentrations of Nethylmaleimide. Excess N-ethylmaleimide was removed by dialysis against 0.6 M KC1 and 10 mM Tris at pH 7.5. In the case of modification by 5,5'-dithiobis(2-nitro)benzoic acid (DTNB), myosin (4 mg/ml) was incubated with 0.2 mM DTNB in a solution containing 0.6 M KC1 and 10 mM Tris, at pH 7.5 for 20 minutes at 0°C.
Results

Cardiac Myosin ATPase Activities in Rat, Rabbit, Dog, and Human
The ATPase activities of cardiac atrial and ventricular myosins from the various hearts are shown in Table 1 . A high level of Ca 2+ -activated ATPase activities was observed in atrial myosins; their activities were from 2-to 3-fold greater than the values for ventricular myosins in the corresponding hearts. However, the species difference in ATPase activity found in ventricular myosins from various animals also was observed in atrial myosins; rat atrial myosin showed ATPase activity that was about twice as high as those of dog, rabbit, and human. Interestingly, the level of ATPase activity of atrial myosins from dog, rabbit, and human was similar to that of rat ventricular myosin. In contrast, K + -EDTA-activated ATPase activities were approximately the same in both atrial and ventricular myosins from all the hearts studied.
The high level of Ca 2+ -activated ATPase activity The assay solutions for K*-EDTA-and Ca**-activated ATPase were those described in Methods. Values are means ± SE for four experiments. VOL. 45, No. 4, OCTOBER 1979 of atrial myosin could have been caused by the presence of an activator. The atrial myosin obtained from dogs was purified further by elution from a column of DEAE-Sephadex A25, equilibrated with 10 mM potassium pyrophosphate and 5 mM Trischloride at pH 7.5. This purification of the myosin did not have any effect on its ATPase activity; the myosin still showed the high specific activity of Ca 2+ -activated ATPase. Furthermore, when purified dog atrial myosin was mixed with an equal amount of dog ventricular myosin, which has a lower Ca 2+ -activated ATPase activity, the ATPase activity of the mixture was additive. These experiments indicated that the high specific activity of atrial myosin ATPase was an intrinsic property of the myosin molecule and not due to the presence of activators.
Effect of Sulfhydryl Reagents on Cardiac Myosin ATPase
In view of the evidence that sulfhydryl groups play an important role in many enzymes, we investigated the effect of sulfhydryl reagents on cardiac myosin ATPase. According to previous reports (Kielley and Bradley, 1956; Sekine and Kielley, 1964) , treatment with a low concentration of Nethylmaleimide blocks mainly a class of sulfhydryl groups that reacts rapidly. At higher concentrations of N-ethylmaleimide, a second class of sulfhydryl groups in myosin also reacts with the sulfhydryl reagent. Therefore, we treated dog atrial and ventricular myosin with various concentrations of Nethylmaleimide. The effects on ATPase activity are shown in Figure 1 .
Treatment with iV-ethylmaleimide brought out a difference between atrial and ventricular myosins. In dog ventricular myosin, both K + -EDTA-activated and Ca 2+ -activated ATPase activities were inhibited by increasing the N-ethylmaleimide concentration. However, at high ionic strength (0.6 M KC1), Ca 2+ -activated ATPase was increased from 0.09 ± 0.02 fimol Pi/mg per min to 0.40 ± 0.03 /imol Pi/mg per min (P < 0.01) in the modified myosin with lower concentrations of N-ethylmaleimide. In contrast, dog atrial myosin was not activated by Nethylmaleimide (0.49 ± 0.03 to 0.42 ± 0.02 pimol Pi/ mg per min), and with increasing concentrations of the reagent, the Ca 2+ -activated ATPase at high ionic strength was inhibited.
DTNB, another sulfhydryl reagent, was examined, since this reagent preferentially reacts with the rapidly reacting sulfhydryl groups in the myosin molecule (Seidel, 1969) . Cardiac atrial and ventricular myosins were treated with 0.2 mM DTNB. Ca 2+ -activated ATPase activity at high ionic strength was activated from 0.08 ± 0.01 to 0.19 ± 0.02 funol Pi/mg per min (P < 0.02 for dog ventricular myosin), but was not changed significantly for dog atrial myosin, as was the case with N-ethylmaleimide (0.46 ± 0.01 to 0.41 ± 0.02 /imol Pi/mg per min). 
Effects of Temperature and Alkaline pH on Cardiac Myosin ATPase
Temperature dependence was different for dog atrial and ventricular myosin ATPases (Fig. 2) . Apparent enthalpies of activation at 25°C, evaluated from the data in Figure 2 , were 5.8 and 7.3 kcal/mol in the presence of 10 mM CaCl 2 for atrial and ventricular myosin ATPases, respectively. Inactivation at alkaline pH of myosin ATPase activity in the absence of ATP also was different for atrial and ventricular myosins (Fig. 3) . We have shown that the lability of ATPase at alkaline pH is greater in the presence of K + -EDTA than it is in the presence of Ca 2+ in cardiac myosin (Yazaki and Raben, 1974) . In the present study, therefore, the effect of alkaline pH on cardiac myosin ATPase in the presence of K + -EDTA was examined. The ATPase activity of atrial myosin was less inhibited by exposure to pH 9.0 than that of ventricular myosin. Incubation at a higher temperature (37°C) brought out more strikingly the difference in the lability at alkaline pH between these two types of cardiac myosins. When ventricular myosin was incubated at pH 9.0 and 37°C for 9 minutes, its ATPase activity was inhibited by about 90% of the control value, compared with 50% inhibition at 25°C. In contrast, the ATPase activity of atrial myosin was decreased by only 4% of the control value at 37°C, compared with 8% decrease at 25°C.
Actin-Activated ATPase Activity of Cardiac Myosin
Actin activation of ATPase activity was examined in the dog to determine the physiological significance of these observations on atrial myosin, since evidence suggested that actin-activated ATPase activity of myosin in the presence of magnesium ions is related directly to the muscle contraction (Lymn and Taylor, 1971) . The experiments dealing with actin activation of cardiac myosin ATPase were made under ionic conditions of 50 mM KCl and 1.5 mM MgCl 2 , as described in Methods. By increasing the actin concentration, ATPase activity was enhanced markedly under these ionic conditions, both in atrial and ventricular myosins. As shown in Figure 4 , the ATPase activity of atrial myosin was activated by actin much more than that of ventricular myosin. When the molar ratio of actin to myosin was 20:1, ATPase activity of atrial myosin (0.42 ± 0.06 /unol Pi/mg per min) was about twice the value of ventricular myosin (0.20 ± 0.04 /zmol Pi/mg per min) (P < 0.01). This finding revealed that the differences observed in Ca 2+ -activated ATPase activity between these two types of cardiac myosins were retained in actin-activated ATPase activity, although detailed kinetic studies of this reaction, using the native myosin molecule, were not satisfactory because of the formation of aggregates of actomyosin caused by adding actin at low ionic concentration. The basal Mg 2+ -activated ATPase activity was measured under the same ionic condition in the absence of actin. This intrinsic Mg 2+ -activated ATPase activity of atrial myosin was also twice as great as that of ventricular myosin (0.081 ± 0.005 jimol Pi/mg per min and 0.032 ± 0.006 /imol Pi/mg per min, respectively). 
Discussion
The present results, based on a comparative study of myosin ATPase, demonstrate differences between cardiac atrial and ventricular myosins in various species of animals and humans. The high level of the Ca 2+ -activated ATPase activity of atrial myosin from dogs and calves has been reported recently (Yazaki et al., 1977; Long et al., 1977; Flink et al., 1978) , but the distinctive properties of this myosin, in terms of the response to sulfhydryl reagents and actin-activation of ATPase, have not been defined previously. In all of the animals and humans, atrial myosin showed a higher level of ATPase activity as compared with ventricular myosin. The presence of activators in atrial myosins used in the present experiments was unlikely because of the lack of change in ATPase activities after purification of the enzymes by column chromatography. Furthermore, atrial and ventricular myosin ATPase activity was additive in mixtures of these two enzymes. Thus, the increased ATPase activity of atrial myosin suggested an intrinsic difference in the myosin molecule.
The increased specific activity of Ca 2+ -activated ATPase of atrial myosin appeared to correlate with the level of the activity of ventricular myosin ATPase in the same animal, since the same order in ATPase activity, as observed in ventricular myosins from various animals, was noted in atrial myosins; rat atrial myosin showed much higher ATPase activity than did dog and rabbit atrial myosins.
The experiments dealing with the effect of Nethylmaleimide on myosin ATPase brought out a difference between cardiac atrial and ventricular myosins in the dog. Two functionally different classes of sulfhydryl groups are thought to be present in the myosin molecule: one class contains the rapidly reacting groups, the so-called SHi thiols, and the other the slowly reacting groups, referred to as SH 2 thiols (Kielley and Bradley, 1956; Sekine and Kielley, 1964) . Masking of these SH, thiols causes an activation of Ca 2+ -activated ATPase activity at high ionic strength. Dog ventricular myosin, as well as rabbit myosin (Yazaki and Raben, 1974) , treated with low concentrations of N-ethylmaleimide showed this pattern. However, in dog atrial myosin, the activation of Ca 2+ -activated ATPase activity at high ionic strength was not observed. This particular pattern of the response to N-ethylmaleimide also was noted in ventricular myosins from rats and hyperthyroid animals (Yazaki and Raben, 1975) . The modification of myosin with DTNB, which reacts preferentially with the rapidly reacting sulfhydryl groups (Seidel, 1969) , confirmed the observations of the Af-ethylmaleimide experiment. No activating effect was observed in dog atrial myosin.
Temperature dependency and lability at alkaline pH of ATPase also were different for atrial and ventricular myosins. Dog atrial myosin was less sensitive to alkaline pH and less temperature dependent. In addition, the difference in sensitivity to alkaline pH became more marked at higher temperatures. These results suggested, together with the observations from the N-ethylmaleimide experiment, that the dog atrial myosin molecule differs at or near the active site involving some sulfhydryl groups. This change in the myosin molecule, inducing these distinctive enzymatic properties, does not appear to be specific for atrial myosin in smaller animals such as rats, and hyperthyroid animals, since their ventricular myosin already shows a pattern of activity similar to that of atrial myosin Raben, 1974, 1975) .
The cardiac myosin molecule is composed of heavy chains and two classes of light chains (Sarkar et al., 1971; Weeds and Pope, 1971) , and atrial myosin contains electrophoretically and immunologically different light chains from those of ventricular myosin (Long et al., 1977) . Evidence also exists for structural heterogeneity in the heavy chains (Flink et al., 1978) . Long et al. (1977) expected that a difference in the composition of light chains between atrial and ventricular myosins would induce a change in their enzymatic activities. However, results from the present study did not support this expectation; rat ventricular myosin and dog atrial myosin showed essentially the same en-zymatic properties, although a difference in the composition of light chains was found for these two cardiac myosins. It has not been determined whether different primary structures in the heavy chains, reported by Flink et al. (1978) , are related causally to the functional specificity of atrial myosin.
A physiological significance of the high Ca 2+ -activated ATPase activity in atrial myosin relative to ventricular myosin is uncertain, since, in living muscle cell, Mg ATP is hydrolyzed by myosin under the activating effect of actin (Lymn and Taylor, 1971) . However, the results obtained here with purified myosin and actin clearly revealed that the Mg 2 " 1 "-activated ATPase activity of atrial myosin also was enhanced, both in the presence and absence of actin, as compared with ventricular myosin, although the native myosin is not entirely satisfactory for detailed kinetic studies of this reaction because of the formation of aggregates of actomyosin by actin activation at low ionic strength (Eisenberg and Moos, 1967; . Thus, the mechanism for ATP hydrolysis by myosin, in the presence of calcium and magnesium ions as activators, is thought to be similar and physiologically important in the basic contraction process. The functional change in atrial myosin may involve these reaction pathways mediated by divalent metal cations. According to Barany (1967) , the ATPase activity of myosin is related closely to the speed of contraction among various types of muscles. Existence of this positive relation also has been suggested in cardiac muscles by comparative studies on enzymatic activity of cardiac myosin and cardiac performance (Katz, 1970; Rovetto et al., 1972; Yazaki and Raben, 1974; Delcayer and Swynghedauw, 1975) . Recently, Korecky and Michael (1974) and Urthaler et al. (1975) reported that atrial muscle can contract more rapidly than can ventricular muscle. The rate of tension rise in isolated atrial strips or trabeculae was at least twice that for ventricular trabeculae or for papillary muscles, and the maximum shortening velocity of atrial muscle was about 3 to 4 times greater than that of ventricular muscle; whereas the same developed and total tensions were observed in these two types of heart muscles. Thus, the high specific activity of atrial myosin ATPase in the presence of calcium and magnesium ions appears to be related closely to the greater velocity of atrial contraction.
